INTRODUCTION
============

Post-translational modifications of histone N-terminal tails play a crucial role in the regulation of transcription by RNA polymerase II (RNAPII) ([@gks1472-B1],[@gks1472-B2]). Histone H3 trimethylated on lysine 36 (H3K36me3) is found in actively transcribed genes and is more abundant in exons than in introns ([@gks1472-B3],[@gks1472-B4]). Misteli and colleagues recently found that H3K36me3 may influence splicing decisions by acting as a docking site for the chromatin-binding adaptor protein MRG15, which in turn recruits the splicing factor PTB, which inhibits the inclusion of PTB-dependent alternative exons ([@gks1472-B5]). However, the level of H3K36me3 detected along the body of an actively transcribed gene can also be modulated by splicing ([@gks1472-B6],[@gks1472-B7]), suggesting that splicing and chromatin are bi-directionally interwoven ([@gks1472-B8]). The methyltransferase responsible for H3K36 trimethylation is termed Set2 in yeast ([@gks1472-B9]) and SETD2, KMT3A/SET2 or HYPB in mammals ([@gks1472-B10]). Previous studies have shown that depletion of Set2 in yeast ([@gks1472-B11; @gks1472-B12; @gks1472-B13; @gks1472-B14]) leads to increased levels of spurious transcripts initiated from cryptic promoter-like sequences within genes. These cryptic alternative start sites are widespread in eukaryotic genomes and can be found on virtually every single gene ([@gks1472-B15]). Thus, H3K36me3 is thought to be required for repression of cryptic transcriptional initiation, but the mechanisms involved are not yet completely understood. In yeast, Set2-dependent histone H3 methylation is required for the activation of Rpd3S after its recruitment to the RNAPII C-terminal domain ([@gks1472-B11; @gks1472-B12; @gks1472-B13],[@gks1472-B16],[@gks1472-B17]). Rpd3S, a histone deacetylase complex that erases histone acetylation created to facilitate passage of the elongating polymerase, then restores the original structure of chromatin, preventing cryptic transcription initiation from within coding regions ([@gks1472-B11; @gks1472-B12; @gks1472-B13],[@gks1472-B16],[@gks1472-B17]). However, a recent study failed to detect changes in global levels of various H3 and H4 acetyl modifications after knocking down SETD2 in mouse cells ([@gks1472-B18]), arguing that H3K36 trimethylation may inhibit intragenic transcription in mammalian cells by a mechanism that does not involve histone acetylation. Another study using mouse embryonic stem cells found that H3K36me3 recruits histone H3K4me2/3 demethylase KDM5B via an Rpd3S-like complex and proposed that KDM5B represses cryptic transcription by removing intragenic H3K4me3 ([@gks1472-B19]). In addition to Set2, factors that restore normal chromatin structure during transcriptional elongation such as the histone chaperone FACT (a complex termed after its ability to 'FAcilitate Chromatin Transcription') ([@gks1472-B20],[@gks1472-B21]) and Spt6 are crucial to repress transcription from cryptic promoters located within protein-coding genes ([@gks1472-B11],[@gks1472-B12],[@gks1472-B22; @gks1472-B23; @gks1472-B24]). Here we demonstrate that human SETD2 and FACT act on transcription through a common mechanism. We show that RNA interference (RNAi)-mediated downregulation of SETD2 in HeLa cells reduces recruitment of the FACT complex to active genes and affects nucleosome organization. Notably, we found that depletion of SPT16 alone or depletion of SPT16 and SETD2 results equally in reduced nucleosome occupancy on gene bodies, suggesting that FACT and H3K36me3 combine to maintain chromatin integrity on transcribed genes. We further show that transcriptional activation leads to a SETD2-dependent reduction of histone H2B occupancy and enhanced reformation of nucleosomes after passage of RNAPII. Altogether, these results suggest that H3K36 trimethylation by SETD2 associated with transcribed genes enhances the recruitment of FACT, which promotes the exchange of H2A--H2B dimers. Moreover, SETD2-dependent FACT recruitment is crucial to reassemble nucleosomes in the wake of RNAPII elongation, thereby repressing cryptic intragenic transcription initiation.

MATERIALS AND METHODS
=====================

Cells and drugs
---------------

HeLa and human embryonic kidney (HEK) 293T cells were grown as monolayers in DMEM, supplemented with 10% (v/v) FBS, 2 mM [l]{.smallcaps}-glutamine and 100 U/ml penicillin--streptomycin. U2OS cells stably expressing tetracycline-inducible β-globin transgenes were cultured in DMEM, supplemented with 10% (v/v) FBS, 2 mM [l]{.smallcaps}-glutamine, 100 U/ml penicillin--streptomycin, 200 μg/ml G418 and 1 μg/ml puromycin. All cell culture reagents were from Invitrogen. When indicated, the histone deacetylase inhibitor trichostatin A (TSA; Sigma) was added to HeLa cells for 12 h at a final concentration of 0.5 μM. Unfolded protein response (UPR) was induced on HeLa cells by incubation with 2 mM dithiothreitol (DTT; Sigma) for 1 h. To inhibit transcription, HeLa cells were treated with 75 μM 5,6-dichloro-1-β-[d]{.smallcaps}-ribobenzimidazole (DRB; Sigma) for 30 min.

RNA interference
----------------

SETD2 RNAi was performed with three different siRNA duplexes. On each transfection, two duplexes were used. As unspecific siRNA control, a sequence targeting the firefly luciferase gene (GL2), was used. All oligonucleotides were synthesized by Eurogentec. SPT16 RNAi was performed with a pool of three specific siRNAs from Santa Cruz (sc-37875), transfected onto HeLa or HEK 293T cells on two consecutive rounds. HeLa or HEK 293T cells were plated such that they were 50--60% confluent at the time of transfection. siRNA duplexes were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Cells were retransfected 24 h after the first transfection and harvested on the following day. The siRNA sequences targeting *SETD2* are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1).

RNA isolation and quantitative RT-PCR
-------------------------------------

To quantify nascent RNA transcripts, we used a modified cell fractionation protocol that was initially described by Wuarin and Schibler ([@gks1472-B25],[@gks1472-B26]). Chromatin-associated nascent RNA was extracted with TRIzol (Invitrogen). cDNA was made using Superscript II Reverse Transcriptase (Invitrogen). RT-qPCR was performed in the 7000 Real-Time PCR System (Applied Biosystems), using SYBR Green PCR master mix (Applied Biosystems). The relative RNA expression was estimated as follows: 2^(Ct\ reference−^ ^Ct\ sample)^, where Ct reference and Ct sample are mean threshold cycles of RT-qPCR done in duplicate on cDNA samples from *U6 snRNA* (reference) and the cDNA from our genes of interest (sample), respectively. All primer sequences are presented in [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1).

Western blot
------------

Whole-cell lysates were prepared, resolved and transferred as described ([@gks1472-B26]). The primary antibodies used were anti-histone H3 (ab1791; Abcam); anti-H3K36me3 (ab9050; Abcam) and anti-H3Ac (ab47915; Abcam). Detection was performed with the appropriate secondary antibodies (BioRad) and enhanced luminescence substrate (Amersham).

Co-immunoprecipitation
----------------------

Immunoprecipitation of endogenous H3K36me3 and SPT16 from HeLa cells was performed using the Nuclear Complex Co-IP kit from Active Motif according to the manufacturer's protocol. Anti-H3K36me3 (ab9050; Abcam) and anti-SPT16 (sc-28734; Santa Cruz) antibodies were used. The immune complexes were pulled down using protein A-Sepharose beads from Sigma. The pulled-down complexes were then subjected to western blot using the antibody against SPT16.

Chromatin immunoprecipitation
-----------------------------

Chromatin immunoprecipitation (ChIP) was performed on HeLa or HEK 293T cells as described ([@gks1472-B6]). The relative occupancy of the immunoprecipitated protein at each DNA site was estimated by RT-qPCR as follows: 2^(Ct\ Input−^ ^Ct\ IP)^, where Ct Input and Ct IP are mean threshold cycles of RT-qPCR done in duplicate on DNA samples from input and specific immunoprecipitations, respectively. Gene-specific and intergenic-region primer pairs are presented in [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1). The following antibodies were used: anti-RNAPII (N20 sc-899; Santa Cruz), anti-histone H3 (ab1791; Abcam), anti-H3K36me3 (ab9050; Abcam), anti-H2BUb (ab10812; Abcam), anti-SPT6 (ab49066; Abcam), anti-SPT16 (sc-28734; Santa Cruz) and anti-SSRP1 (609702; Biolegend).

Fluorescence recovery after photobleaching
------------------------------------------

Live cells were imaged using a 63×/1.4 oil immersion objective on a Zeiss LSM 510 META (Carl Zeiss) confocal microscope equipped with an incubator (Pecon) maintained at 37°C. Fluorescence recovery after photobleaching (FRAP) experiments were performed as previously described ([@gks1472-B27]). The t~80%~ value was determined for each FRAP curve as the first time point for which there was no statistically significant difference between the mean of the distribution of normalized fluorescence values and the value 0.8 (*P* \> 0.05, one-sample *t*-test).

RNA-seq data analysis
---------------------

We analyzed previously reported poly(A)^+^ RNA-seq data from human mesenchymal stem cells transfected with control and targeting siRNAs directed against SETD2 ([@gks1472-B5]). High-throughput sequencing reads were aligned to the reference human Genome hg19 using TopHat ([@gks1472-B28]), removing reads mapping to multiple locations. Our analysis was restricted to transcriptionally active genes defined as the genes with at least 50 reads/kb in both samples. Gene annotations were obtained from UCSC knownGene table ([@gks1472-B29]). To identify genes with intragenic transcription initiation, we compared read counts for expressed exons (minimum of 5 reads/100 bp required) in depleted and control cells. First, we selected all transcripts with significantly higher read counts for at least one exon in SETD2-depleted cells. Second, we discarded transcripts with significantly higher read counts for the first annotated and expressed exon (likely corresponding to upregulated full-length mRNAs), Third, we defined the new cryptic TSS as the first significantly higher exon and filtered out all transcripts that showed significantly higher read counts for \<60% of the downstream exons (possibly corresponding to isolated alternative splicing events). Significantly higher exons were defined as those having exonic read counts (normalized reads per million) fold change higher than 1.2 between SETD2-depleted and control cells, and Fisher's proportion test *P* \< 0.05 (alternative hypothesis: read count proportions relative to the total library size in siSETD2 greater than siControl). To withdraw restrictions by previous gene annotation, we performed transcriptome assembly using Cufflinks ([@gks1472-B30]).

Micrococcal nuclease assay
--------------------------

The assay was performed as described ([@gks1472-B31]) using HeLa cells transfected with the indicated siRNA duplexes. DNA was digested with 10 U of micrococcal nuclease (MNase; Fermentas) for 1, 2.5, 5, 10 or 20 min before addition of stop buffer. Mononucleosome-sized DNA obtained after 20-min digestion and non-digested (total) DNA were used as templates for RT-qPCR ([@gks1472-B32]). The amount of MNase-resistant DNA at each gene region analyzed was estimated as follows: 2^(Ct\ t0^ ^−^ ^Ct\ t20)^, where Ct t0 and Ct t20 are mean threshold cycles of RT-qPCR done in duplicate on DNA samples from non-digested (t0) and 20 min MNase-digested (t20) samples, respectively. Results were further normalized to the amount of MNase-resistant DNA measured with primers for an intergenic region (estimated using the same 2^(Ct\ t0^ ^−^ ^Ct\ t20)^ formula). The sequences of gene-specific and intergenic primers are shown in [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1).

RESULTS
=======

Downregulation of SETD2 leads to higher RNAPII turnover at the transcription site
---------------------------------------------------------------------------------

To study the impact of H3K36me3 on transcription, we reduced the levels of SETD2 methyltransferase in HeLa cells by RNAi ([Figure 1](#gks1472-F1){ref-type="fig"}A and [Supplementary Figure S1A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1), [B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1) and [G](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1)). Three different synthetic small interfering RNA duplexes targeting SETD2 were designed and tested, and two of them were alternatively used throughout this study ([Supplementary Figure S1A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1)). As a negative control, we used the GL2 duplex, which targets firefly luciferase ([@gks1472-B33]). ChIP was carried out using antibodies directed against histone H3 or H3K36me3, followed by real-time RT-qPCR with primers targeting the indicated regions of five randomly selected genes ([Figure 1](#gks1472-F1){ref-type="fig"}B). The histone H3 ChIP signal was used to normalize H3K36me3 levels, thus correcting for differences in nucleosome density. We have previously reported that the level of H3K36me3 in the first exon is low and increases significantly in the second and subsequent internal exons ([@gks1472-B6]). Accordingly, when compared with control GL2-treated cells, downregulation of SETD2 causes marginal reductions in H3K36me3 signal associated with first exons ([Figure 1](#gks1472-F1){ref-type="fig"}B); in contrast, the level of H3K36me3 on internal exons is drastically reduced in SETD2-depleted cells ([Figure 1](#gks1472-F1){ref-type="fig"}B). Next, we carried out ChIP analysis with an antibody (N-20) that binds to RNAPII largest subunit independently of the phosphorylation status of its C-terminal domain ([Figure 1](#gks1472-F1){ref-type="fig"}C). The results, depicted as fold changes relative to control GL2-treated cells, reveal that SETD2 depletion does not significantly alter RNAPII occupancy on the promoter region and on the first exon, but leads to higher density of RNAPII on internal exons ([Figure 1](#gks1472-F1){ref-type="fig"}C). Similar data were obtained when this experiment was repeated in HEK 293T cells ([Supplementary Figures S1C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1), [D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1) and [S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1)). Because in yeast, methylated H3K36 activates the Rpd3S histone deacetylase complex ([@gks1472-B11; @gks1472-B12; @gks1472-B13],[@gks1472-B16],[@gks1472-B17],[@gks1472-B34]), we sought to compare the effect of SETD2 depletion with inhibition of histone deacetylases. As expected, treatment of cells with the histone deacetylase inhibitor TSA induces an increase in global histone H3 acetylation without affecting the global level of H3K36me3 ([Figure 1](#gks1472-F1){ref-type="fig"}A). Inversely, downregulation of SETD2 causes a significant reduction in H3K36me3 ([Figure 1](#gks1472-F1){ref-type="fig"}B), but does not affect histone H3 acetylation ([Figure 1](#gks1472-F1){ref-type="fig"}A and D), as previously reported ([@gks1472-B18]). ChIP analysis shows that TSA does not alter the distribution of H3K36me3 ([Figure 1](#gks1472-F1){ref-type="fig"}B), but significantly increases RNAPII occupancy ([Figure 1](#gks1472-F1){ref-type="fig"}C). Unlike SETD2 depletion, TSA equally affects RNAPII occupancy on the promoter region, first exon and internal exons, most likely because it increases the DNA accessibility ([@gks1472-B35]). Altogether, these findings suggest that the increased RNAPII levels observed at the internal exons of SETD2-depleted cells are not the result of higher levels of transcription initiation at the canonical promoter. Instead, these data are consistent with transcription initiation from cryptic promoter-like sequences within gene bodies, as previously reported in yeast cells depleted of Set2 ([@gks1472-B11; @gks1472-B12; @gks1472-B13; @gks1472-B14]). To test this view, we analyzed the effect of SETD2 depletion on transcriptional dynamics of RNAPII in living cells using FRAP. Human osteosarcoma--derived cells (U2OS) were engineered to stably express tetracycline-inducible β-globin transgenes integrated tandemly in the genome, as previously reported ([@gks1472-B27]). On transcription activation, the site of transcription is detected by a red fluorescent protein (mCherry) fused to the MS2 protein that binds to an array of six MS2-binding sequences inserted in the third exon of β-globin ([Figure 2](#gks1472-F2){ref-type="fig"}A). Simultaneously, the cells express α-amanitin--resistant RNAPII fused to green fluorescent protein (RNAPII--GFP) ([@gks1472-B36]). Incubation with α-amanitin causes degradation of the endogenous RNAPII, whereas the resistant RNAPII--GFP remains active ([@gks1472-B37]) ([Supplementary Figure S1H](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1)). Transcriptional activation in the presence of α-amanitin leads to accumulation of RNAPII--GFP at the sites of β-globin transcription. The FRAP analysis consists of bleaching the RNAPII--GFP fluorescence at the transcription site of β-globin, and subsequently monitoring the fluorescence recovery by time-lapse microscopy ([Figure 2](#gks1472-F2){ref-type="fig"}B). While control (GL2) cells take 370 ± 5 s to recover 80% of the initial RNAPII--GFP fluorescence intensity, in SETD2-depleted cells, RNAPII--GFP fluorescence recovers significantly faster (160 ± 5 s; [Figure 2](#gks1472-F2){ref-type="fig"}C). Recovery of RNAPII--GFP fluorescence at the transcription site of β-globin results from recruitment of unbleached fluorescent polymerase molecules through transcription initiation. Taken together with the increased intragenic occupancy of RNAPII on SETD2 depletion ([Figure 1](#gks1472-F1){ref-type="fig"}C), the faster fluorescence recovery observed in the FRAP experiments ([Figure 2](#gks1472-F2){ref-type="fig"}C) is consistent with the view that downregulation of SETD2 facilitates intragenic transcription initiation. Moreover, the fraction of RNAPII molecules immobilized at the transcription site decreases from ∼20% in control cells to 6% in SETD2-depleted cells ([Figure 2](#gks1472-F2){ref-type="fig"}C). We have previously shown that ∼20% of the total population of RNAPII--GFP in control cells remains transiently immobilized at the β-globin transcription site owing to transcriptional pausing associated with termination ([@gks1472-B27]). Possibly, spurious transcripts initiated at intragenic sites are not normally terminated, allowing faster dissociation of the polymerase from the gene template. Figure 1.SETD2 depletion impacts on transcription by RNAPII. HeLa cells were either transfected with siRNAs targeting GL2 or SETD2 or treated with 0.5 μM TSA for 12 h. (**A**) Total protein extracts were analyzed by western blot with anti-histone antibodies, as indicated on the right. Molecular weight markers are shown on the left. (**B**, **C** and **D**) ChIP analysis with antibodies that recognize H3K36me3 (B), RNAPII (C) and H3Ac (D). Histone modifications ChIP data are normalized against total histone H3 ChIP. RNAPII ChIP signals are shown as fold change over the signal obtained on the control cells. Means and standard deviations from at least three independent experiments are shown. Two SETD2 siRNA duplexes were used randomly on each individual RNAi experiment. Statistically significant changes between SETD2-depleted cells and control cells (GL2 RNAi) and between TSA-treated cells and control cells are indicated (\**P* \< 0.05). Figure 2.SETD2 depletion alters the dynamics of RNAPII transcription. (**A**) Schematic representation of the MS2 system. Dimers of MS2 coat protein fused to mCherry bind to MS2 stem--loops inserted in the third exon of the β-globin gene, while transcription is carried out by α-amanitin--resistant RNAPII--GFP. (**B**) FRAP experiments were performed on U2OS cells transfected with siRNAs targeting GL2 and SETD2. A circular region corresponding to the site of transcription of the β-globin gene is bleached, and fluorescence recovery is subsequently monitored. Scale bar: 5 µm. (**C**) Normalized fluorescence recovery curves measured at the transcription site for SETD2-depleted (*n* = 19) and GL2-depleted (*n* = 18) cells from four individual experiments. t~80%~ denotes the time required to recover 80% of the initial fluorescence. I.F. indicates the percentage of the immobile fraction of bleached RNAPII--GFP molecules at the site of transcription. Error bars represent standard deviations.

Downregulation of SETD2 leads to intragenic transcription initiation in human cells
-----------------------------------------------------------------------------------

To obtain an estimate of how many transcripts are initiated at cryptic intragenic promoters in SETD2-depleted cells, we analyzed high-throughput cDNA sequencing data from human mesenchymal stem cells transfected with control and targeting siRNAs directed against SETD2 ([@gks1472-B5]). To identify genes with intragenic initiation, we compared exonic read counts in depleted and control cells ([Figure 3](#gks1472-F3){ref-type="fig"}A). First, we selected all transcripts with higher read counts for at least one exon in SETD2-depleted cells; next, we discarded transcripts with higher read counts for the first annotated exon (likely corresponding to upregulated full-length mRNAs), and transcripts with higher read counts for isolated internal exons (possibly corresponding to alternative splicing events). Poly(A)^+^ spliced isoforms were reconstructed using algorithms (TopHat and Cufflinks), which do not depend on gene annotation ([@gks1472-B28],[@gks1472-B30]). Reconstructed isoforms are depicted in [Figure 3](#gks1472-F3){ref-type="fig"}B. Our analysis shows that downregulation of SETD2 by RNAi leads to increased levels of transcripts that are normally spliced and polyadenylated but start downstream of the first annotated exon ([Figure 3](#gks1472-F3){ref-type="fig"}B). We found evidence for intragenic transcription initiation in 1139 genes among 10 772 active protein-coding loci (11%). A list of these genes is shown on [Supplementary Table S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1). Our analysis further revealed that most (55%) intragenic transcriptions in SETD2-depleted cells are initiated at the second or third expressed exons ([Figure 3](#gks1472-F3){ref-type="fig"}C), and at least 13% start at annotated alternative promoters ([Supplementary Table S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1)). Taking into account that alternative transcription is emerging as a major contributor to transcriptome diversity ([@gks1472-B38]), this observation raises the possibility that H3K36me3 may play a regulatory role in modulating alternative promoter usage. Figure 3.Genome-wide analysis of intragenic transcription initiation induced by SETD2 depletion. (**A**) Schematic representation describing the constraints for identification of genes with intragenic transcription initiation in SETD2-depleted cells. Genes showing significantly higher read counts for exons downstream of the first annotated exon in SETD2-depleted cells were selected. The intragenic transcription initiation site is defined as the first exon with significantly higher read counts for which at least 60% of the downstream exons also show significantly higher read counts. (**B**) RNA-seq profiles for the genes *ARIH2*, *ECHDC1* and *SEPT2* showing intragenic transcription initiation on different internal exons after SETD2 knockdown (black) relative to control (gray). Dashed line represents the minimum threshold 5 reads/100 bp (normalized reads per million). For each gene, the UCSC transcript annotations compared with annotated alternative promoter from Ensembl and Cufflinks transcript reconstruction are shown below the graph. Boxes represent exons, separated by introns shown as solid lines (**C**) Histogram of intragenic transcription initiation site location (exon number).

SETD2-dependent recruitment of FACT and nucleosome organization
---------------------------------------------------------------

Previous studies in yeast have shown that, in addition to Set2 histone methyltransferase, factors important to restore normal chromatin structure on transcriptional elongation such as FACT and Spt6 are crucial to repress transcription from cryptic promoters located within protein-coding genes ([@gks1472-B11],[@gks1472-B12],[@gks1472-B22; @gks1472-B23; @gks1472-B24]). To determine whether these different factors act through a common repression mechanism in human cells, we reduced the levels of SETD2 in HeLa cells by RNAi, and analyzed by ChIP the occupancy of SPT6 and FACT subunits (SPT16 and SSRP1) along five randomly selected genes ([Figure 4](#gks1472-F4){ref-type="fig"}). Relative to control (GL2-treated) cells, the density of SPT6 across the analyzed genes is not affected by SETD2 downregulation ([Figure 4](#gks1472-F4){ref-type="fig"}A). In contrast, significantly lower levels of FACT subunits SPT16 and SSRP1 are detected over internal exons in SETD2-depleted cells ([Figure 4](#gks1472-F4){ref-type="fig"}B and C). No significant differences occur over first exons, consistent with our previous observation that H3K36me3 levels are low in this region ([@gks1472-B6]). As a control, we analyzed the human *U6 snRNA* gene set, which is transcribed by RNA polymerase III ([@gks1472-B39]) and lacks enrichment for H3K36me3 ([@gks1472-B40]). Lack of H3K36me3 marking in the *U6 snRNA* gene is consistent with the finding that in yeast, the H3K36 methyltransferase Set2 binds directly to the phosphorylated C-terminal domain of RNAPII ([@gks1472-B14],[@gks1472-B41],[@gks1472-B42]), a structure that is absent from RNA polymerase III. As expected, the density of FACT subunits SPT16 and SSRP1 on the *U6 snRNA* gene was not altered by SETD2 downregulation ([Figure 4](#gks1472-F4){ref-type="fig"}B and C). A similar reduction in the recruitment of FACT to the gene body after SETD2 depletion was observed in HEK 293T cells ([Supplementary Figure S2B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1) and [C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1)). Figure 4.SETD2 is required for FACT recruitment. HeLa cells were transfected with siRNAs targeting GL2 or SETD2. (**A--C**) ChIP analysis was carried out using antibodies against SPT6 (A), SPT16 (B) and SSRP1 (C). For each antibody, the ChIP signals were normalized against the ChIP signal of a non-transcribed intergenic region. Graphs depict mean and standard deviation from at least four independent experiments. Two SETD2 siRNA duplexes were used randomly on each individual RNAi experiment. Statistically significant changes between GL2- and SETD2-depleted cells are indicated (\**P* \< 0.05). (**D**) Co-IP of endogenous H3K36me3 and SPT16 on control (GL2) or SETD2-depleted HeLa cells. H3K36me3 and SPT16 were immunoprecipitated from HeLa cells with specific antibodies. 'Input' represents the total cell lysate, and the '(−) IP' is a negative control obtained from a beads-only immunoprecipitation. The pulled-down complexes were subjected to western blot with an antibody against SPT16. Molecular weight markers are shown on the left. Three experiments with similar results were performed.

The impaired FACT recruitment to transcribed chromatin templates in SETD2-depleted cells is most likely due to the absence of H3K36me3. To address this possibility, we performed co-immunoprecipitation (co-IP) of endogenous SPT16 and H3K36me3 in HeLa cells ([Figure 4](#gks1472-F4){ref-type="fig"}D). This experiment revealed that SPT16 is promptly detected on immune complexes pulled down with an antibody against H3K36me3 ([Figure 4](#gks1472-F4){ref-type="fig"}D). To confirm the specificity of this interaction, we repeated the experiment in SETD2-depleted cells, which display only residual levels of H3K36me3 despite having high RNAPII occupancy ([Figure 1](#gks1472-F1){ref-type="fig"} and [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1)). As expected, the co-IP of SPT16 and H3K36me3 was lost on SETD2 depletion ([Figure 4](#gks1472-F4){ref-type="fig"}D). These data provide additional support to the hypothesis that H3K36me3 acts as a signal that directs FACT to the nucleosomes positioned on transcribed chromatin templates.

Given that FACT is critical for nucleosome reorganization after transcriptional elongation in actively transcribed genes ([@gks1472-B43]), we predicted that the reduced levels of SPT16 and SSRP1 observed in active genes after SETD2 downregulation should affect nucleosome density. To test this view, chromatin was digested with MNase and mononucleosome-sized DNA was isolated ([Supplementary Figure S3A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1)). Nucleosome density at the selected loci was then estimated by RT-qPCR analysis ([@gks1472-B32]). As expected, SETD2-depleted cells have a significantly lower density of nucleosomes across internal exons, whereas no significant changes are detected in first exons or in the *U6 snRNA* gene ([Figure 5](#gks1472-F5){ref-type="fig"}A). Taken together, these results suggest that the high levels of H3K36 trimethylation characteristic of actively transcribed genes enhance the recruitment of the FACT complex, thereby maintaining a high density of nucleosomes on these genes. To further address this possibility, we examined the nucleosome occupancy of chromatin extracted from HeLa cells depleted of SPT16 alone or SPT16 and SETD2 together ([Figure 5](#gks1472-F5){ref-type="fig"}B). The high efficiency (\>90%) of the SPT16 and SETD2 knockdown was confirmed by western blot and RT-qPCR ([Supplementary Figures S1E](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1), [F](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1) and 3B). When compared with control (GL2 RNAi) cells, the MNase sensitivity pattern of the SPT16-depleted cells revealed lower nucleosome occupancy on the body of the selected genes ([Figure 5](#gks1472-F5){ref-type="fig"}B). These data are consistent with the previous finding that mutation of FACT results in histone depletion over coding regions of yeast genes ([@gks1472-B44]). Our results further showed that nucleosomes positioned over first exons or over the *U6 snRNA* gene are less sensitive to SPT16 depletion ([Figure 5](#gks1472-F5){ref-type="fig"}B). One possibility is that additional histone chaperones replace FACT-mediated nucleosome assembly on the 5′ regions of transcribed genes. Importantly, the increased sensitivity of coding regions to MNase digestion on SPT16 depletion was not further enhanced by the additional loss of SETD2 ([Figure 5](#gks1472-F5){ref-type="fig"}B). This suggests that FACT and H3K36me3 cooperate to maintain chromatin structure at transcriptionally active genes. Figure 5.SETD2 regulates nucleosome organization. Nucleosome occupancy on GL2- and SETD2-depleted (**A**) or GL2-, SPT16- and SPT16+SETD2-depleted (**B**) cells was estimated by the amount of MNase-resistant DNA after 20-min digestion. The graphs show the amount of DNA recovered after 20-min digestion with MNase relative to the amount of DNA present in undigested samples. The data were normalized against the nucleosome occupancy of a non-transcribed intergenic region. Means and standard deviations from at least three independent experiments are shown. Statistically significant changes between GL2- and SETD2-, SPT16-depleted or SETD2+SPT16-depleted cells are indicated (\**P* \< 0.05).

SETD2-dependent nucleosome reorganization during transcription
--------------------------------------------------------------

The finding that actively transcribed genes are densely packed with nucleosomes appears counter-intuitive. Yet, a recent study reported compelling evidence suggesting that transcription elongation is facilitated by higher chromatin compaction ([@gks1472-B45]). To further address this issue, we monitored nucleosome organization after transcriptional activation. We took advantage of the gene expression program activated during the UPR, a cellular reaction triggered by misfolded proteins in the endoplasmic reticulum ([@gks1472-B46]). During the UPR, which can be induced by incubating cells with the reducing agent DTT, the transcription of several genes, including *CHOP*, *ERP70* and *HERPUD*, is rapidly stimulated ([@gks1472-B46],[@gks1472-B47]). Accordingly, after incubation of HeLa cells with DTT for 1 h, we detect higher mRNA levels for *CHOP*, *ERP70* and *HERPUD* nascent transcripts ([Figure 6](#gks1472-F6){ref-type="fig"}A). Increased RNAPII occupancy and H3K36me3 levels along these genes after DTT treatment are also consistent with transcriptional activation ([Figure 6](#gks1472-F6){ref-type="fig"}B and [Supplementary Figure S4A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1)). Transcriptional activation induced by DTT did not significantly alter the distribution of histone H3 along UPR-responsive genes ([Figure 6](#gks1472-F6){ref-type="fig"}C); similarly, downregulation of SETD2 had no significant effect on histone H3 occupancy ([Figure 6](#gks1472-F6){ref-type="fig"}C). In contrast, the levels of histone H2B were significantly reduced in DTT-treated cells compared with non-treated cells ([Figure 6](#gks1472-F6){ref-type="fig"}C). Notably, after SETD2 downregulation, histone H2B levels on DTT treatment did not decrease as sharply as in control cells ([Figure 6](#gks1472-F6){ref-type="fig"}C). This difference was particularly noticeable on the internal exons, where the decrease in H2B occupancy was statistically significant (*P* \< 0.05) in control cells only. Taking into account that SETD2 downregulation reduces FACT loading onto the gene body ([Figure 4](#gks1472-F4){ref-type="fig"}B and C), and that FACT is involved in the exchange of histone H2A--H2B dimers ([@gks1472-B48]), our results suggest that the high levels of H3K36me3 characteristic of actively transcribed genes play a role in facilitating transcription elongation by recruiting FACT. FACT recruitment would displace H2A--H2B dimers in the first instance to allow passage of RNAPII through nucleosomes. Later, in the wake of RNAPII elongation, FACT promotes the reassembly of the displaced H2A--H2B dimers, thereby restoring the original chromatin structure, as revealed by the MNase sensitivity assays ([Figure 5](#gks1472-F5){ref-type="fig"}). To further test this view, we treated cells with the transcription elongation inhibitor DRB to investigate the reassembly of the nucleosomal histones after passage of RNAPII. Within 30 min after addition of DRB to HeLa cells that had been incubated for 1 h in the presence of DTT, RNAPII occupancy along the body of UPR-responsive genes decreased. The reduction was most evident toward the 3′ end of the genes, whereas at the 5′ end, RNAPII occupancy remained unaltered or even higher ([Figure 6](#gks1472-F6){ref-type="fig"}B). This is consistent with the inability of RNAPII to escape the promoter-proximal pause and resume elongation in the presence of DRB ([@gks1472-B49],[@gks1472-B50]). ChIP analysis of histones H3 and H2B along the UPR-responsive genes in cells that were incubated with DTT for 1 h and then treated with DRB for 30 min reveals an accumulation of both histones in the analyzed genes ([Figure 6](#gks1472-F6){ref-type="fig"}D). This accumulation was significant (*P* \< 0.05) for histone H2B positioned on internal exons, and was impaired by SETD2 depletion ([Figure 6](#gks1472-F6){ref-type="fig"}D). In contrast, downregulation of SETD2 had negligible effects on the accumulation of histone H3 after DRB treatment ([Figure 6](#gks1472-F6){ref-type="fig"}D). These data support the view that SETD2 activity is crucial to destabilize histone H2A--H2B dimers when transcription is activated, and to reassemble nucleosomes when transcription is inhibited. To investigate whether this dual role involves the histone chaperone FACT, we measured the levels of histone H2B exchange during transcription in SPT16-depleted cells and in cells depleted of both SPT16 and SETD2 ([Figure 6](#gks1472-F6){ref-type="fig"}E). On transcription activation with DTT, the reduction of histone H2B levels in SPT16-depleted cells ([Figure 6](#gks1472-F6){ref-type="fig"}E) was comparable with the reduction observed in SETD2-depleted cells ([Figure 6](#gks1472-F6){ref-type="fig"}C). Next and more importantly, the combined depletion of SPT16 and SETD2 did not alter the displacement level of histone H2B on transcription activation ([Figure 6](#gks1472-F6){ref-type="fig"}E). Similarly, the reassembly of histone H2B in SPT16-depleted cells on DRB addition did not differ from the level observed in the absence of SETD2 (compare [Figure 6](#gks1472-F6){ref-type="fig"}E and D). Moreover, histone H2B reassembly in SPT16-depleted cells was not affected by the additional knockdown of SETD2 ([Figure 6](#gks1472-F6){ref-type="fig"}E). These data suggest that H3K36me3 and FACT combine to regulate nucleosome dynamics during transcription. In this sense, we then investigated the transcription-dependent recruitment of SPT16 to the chromatin of SETD2-depleted cells ([Figure 6](#gks1472-F6){ref-type="fig"}F). In the UPR-responsive genes, SPT16 was recruited to chromatin in a transcription-dependent manner: its levels increased significantly (*P* \< 0.05) on transcription activation with DTT and decreased after DRB addition ([Figure 6](#gks1472-F6){ref-type="fig"}F). The recruitment of SPT16 after DTT addition is also H3K36me3-dependent because in SETD2-depleted cells, the levels of this FACT subunit in the internal exons did not increase significantly (*P* \> 0.05) relatively to control (no DTT treatment) cells ([Figure 6](#gks1472-F6){ref-type="fig"}F and [Supplementary Figure S4B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1472/-/DC1)). We conclude that FACT is recruited to the chromatin templates in a SETD2-dependent manner most likely through recognition of H3K36me3-tagged nucleosomes. This mechanism is crucial to regulate nucleosome dynamics during transcription by promoting the exchange of histone H2A--H2B dimers and, more importantly, to restore the chromatin structure in the wake of RNAPII elongation. Figure 6.Transcription affects nucleosome organization in a SETD2-dependent manner. Transcription of *CHOP*, *ERP70* and *HERPUD* genes was stimulated by treating HeLa cells with 2 mM DTT for 1 h; as a control, cells were left untreated (−). To inhibit transcription, cells were first treated with 2 mM DTT for 1 h and then incubated with 75 μM DRB for 30 min (DTT + DRB). Cells were transfected with siRNAs targeting GL2, SETD2, SPT16 or SETD2 + SPT16 as indicated. Means and standard deviations from at least four independent experiments are shown. (**A**) Cells were fractionated into cytoplasmic, nucleoplasmic and chromatin fractions; RNA associated with chromatin was isolated; and RT-qPCR was carried out with primers to detect nascent RNA from the indicated genes. The amount of PCR product estimated by RT-qPCR was normalized to the levels of *U6 snRNA*. (**B**) ChIP analysis with antibodies to RNAPII. Data are shown as percentage of the input chromatin. (**C** and **D**) ChIP analysis with antibodies to total histone H3 and H2B when transcription is either active or inhibited (+DRB). The decrease in H2B occupancy on DTT treatment (C) and its accumulation after DRB addition (D) was statistically significant (*P* \< 0.05) in control (GL2) cells, on the internal exons of the three genes only. (**E**) ChIP analysis of histone H2B when transcription is either active or inhibited (+DRB) in cells depleted of SPT16 or SPT16 + SETD2. (**F**) ChIP analysis with antibodies to SPT16. Recruitment of SPT16 to the chromatin templates of the three genes after transcription activation with DTT was significant (*P* \< 0.05) in control cells. In SETD2-depleted cells, the recruitment of SPT16 to the internal exons of the three genes on addition of DTT was significantly impaired. Data shown in (C), (D), (E) and (F) are represented as fold change over the corresponding ChIP signal of cells that were not treated with DTT.

DISCUSSION
==========

In this study, we show that trimethylation of H3K36 by SETD2, a hallmark of active genes, plays a critical role in restoring normal chromatin structure after disruption on passage of RNAPII. As shown previously in yeast, restoring chromatin structure behind RNAPII is important for the fidelity of transcription initiation. In mutant strains defective for Spt6, Spt16 and Set2, aberrant transcripts are initiated at cryptic promoter-like sequences within the body of several genes ([@gks1472-B23],[@gks1472-B34],[@gks1472-B51; @gks1472-B52; @gks1472-B53]). Cryptic transcription was reported to be widespread, occurring in ∼1000 genes (17% of all genes) across the *Saccharomyces cerevisiae* genome ([@gks1472-B22]). A large number of factors that control chromatin structure and transcription have been identified as required to repress cryptic intragenic transcription in yeast ([@gks1472-B22]). Here, we have performed a comprehensive genome-wide analysis of cryptic transcription induced by downregulation of SETD2 in human cells and we found evidence for poly(A)^+^ transcripts initiated from intragenic sites in at least 1139 genes, corresponding to 11% of all active genes. We also observed increased RNAPII occupancy at internal coding regions of active genes, consistent with internal initiation induced by SETD2 depletion at sites downstream the canonical promoter ([Figure 1](#gks1472-F1){ref-type="fig"}D). Live-cell imaging further showed that the turnover of RNAPII at the transcription site is faster in SETD2-depleted cells ([Figure 2](#gks1472-F2){ref-type="fig"}), suggesting that at any given time, there are more RNAPII molecules engaging on transcription (owing to intragenic initiation), and that on average, RNAPII molecules spend less time associated with the template, probably reflecting aberrant transcription.

Whether nucleosomes are restored after passage of RNAPII by depositing new histones or transferring the original histones remains unclear. Our observation that on transcriptional activation the density of H2B is reduced while H3 occupancy remains unaltered is consistent with the model that nucleosomes do not completely disassemble during transcription but only H2A--H2B dimers are removed ([@gks1472-B54],[@gks1472-B55]). In particular, FACT and SPT6 are thought to serve as histone chaperones facilitating passage of the elongation machinery through nucleosomes. Unexpectedly, we found that histone exchange induced by transcriptional activation is SETD2 dependent. Downregulation of SETD2 leads to reduced H3K36me3 levels and results in lower density of FACT subunits SPT16 and SSRP1, but not SPT6, on active genes. Together with our finding that SPT16 co-precipitates with H3K36me3, these data raise the possibility that H3K36me3 serves as a docking site for nucleosome binding of FACT. In support of this model, a number of previous studies showed that FACT activity is influenced by several post-translational modifications of histone tails such as ubiquitylation, which plays a role in nucleosome dynamics during transcription ([@gks1472-B56]), or methylation ([@gks1472-B21]). Very recently, the Workman laboratory showed that in yeast, H3K36 methylation impacts on the interaction of histone H3 with histone chaperones suppressing histone exchange over coding regions, thereby preventing spurious cryptic transcripts from initiating within coding regions ([@gks1472-B57]). The same group reported that H3K36me2 binds Spt16 more tightly than H3K36me3; yet, Spt16 was amongst the histone chaperones found to associate with H3K36me3-containing mononucleosomes ([@gks1472-B58]). Importantly, yeast Setd2 adds both di- and tri-methyl marks to H3K36 ([@gks1472-B59; @gks1472-B60; @gks1472-B61]), while human SETD2 is responsible for trimethylation of H3K36 only ([@gks1472-B18]). Therefore, it is possible that Setd2 regulates Spt16 recruitment in yeast by adjusting the relative levels of H3K36me2 and H3K36me3 on transcribed genes. In contrast, SETD2 activity in human cells results in augmented levels of H3K36me3 and enhanced recruitment of FACT.

The biological implications of the findings reported here are vast. For instance, as a mechanism that impacts on gene expression, intragenic transcription initiation has the potential to generate transcriptome diversity, which might potentiate diseases such as cancer. Indeed, current genome-wide research tools have revealed the presence of *SETD2* mutations in an increasing number of cancers, leading to the classification of SETD2 as a novel tumor suppressor ([@gks1472-B62; @gks1472-B63; @gks1472-B64; @gks1472-B65]). Although the tumor suppressor mechanism on which SETD2 impinges is not yet known, its role as a guardian of the genome integrity to prevent intragenic transcription initiation warrants further investigation in the context of cancer.
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